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Study of High-Resolution Mass Spectrometers and Phenolic versus
Sugaric Components
Abstract
We have previously demonstrated that a petroleomic analysis could be performed for bio-oils and revealed the
complex nature of bio-oils for the nonvolatile phenolic compounds (Smith, E.;Lee, Y. J. Energy Fuels 2010,
24, 5190−5198). As a subsequent study, we have adapted electrospray ionization in negative-ion mode to
characterize a wide variety of bio-oil compounds. A comparative study of three common high-resolution mass
spectrometers was performed to validate the methodology and to investigate the differences in mass
discrimination and resolution. The mass spectrum is dominated by low mass compounds with m/z of
100–250, with some compounds being analyzable by gas chromatography–mass spectrometry (GC–MS). We
could characterize over 800 chemical compositions, with only about 40 of them being previously known in
GC–MS. This unveiled a much more complex nature of bio-oils than typically shown by GC–MS. The
pyrolysis products of cellulose and hemicellulose, particularly polyhydroxy cyclic hydrocarbons (or what we
call “sugaric” compounds), such as levoglucosan, could be effectively characterized with this approach.
Phenolic compounds from lignin pyrolysis could be clearly distinguished in a contour map of double bond
equivalent (DBE) versus the number of carbons from these sugaric compounds.
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ABSTRACT: We have previously demonstrated that a petroleomic analysis could be performed for bio-oils and revealed the
complex nature of bio-oils for the nonvolatile phenolic compounds (Smith, E.; Lee, Y. J. Energy Fuels 2010, 24, 5190−5198). As a
subsequent study, we have adapted electrospray ionization in negative-ion mode to characterize a wide variety of bio-oil
compounds. A comparative study of three common high-resolution mass spectrometers was performed to validate the
methodology and to investigate the diﬀerences in mass discrimination and resolution. The mass spectrum is dominated by low
mass compounds with m/z of 100−250, with some compounds being analyzable by gas chromatography−mass spectrometry
(GC−MS). We could characterize over 800 chemical compositions, with only about 40 of them being previously known in GC−
MS. This unveiled a much more complex nature of bio-oils than typically shown by GC−MS. The pyrolysis products of cellulose
and hemicellulose, particularly polyhydroxy cyclic hydrocarbons (or what we call “sugaric” compounds), such as levoglucosan,
could be eﬀectively characterized with this approach. Phenolic compounds from lignin pyrolysis could be clearly distinguished in
a contour map of double bond equivalent (DBE) versus the number of carbons from these sugaric compounds.
■ INTRODUCTION
Fast pyrolysis of biomass is a promising method to replace
fossil fuels for our transportation needs and other petroleum
products. Current chemical analysis for fast pyrolysis bio-oils is
mostly conducted by gas chromatography−mass spectrometry
(GC−MS), Fourier transform infrared (FTIR) spectroscopy,
and nuclear magnetic resonance (NMR), but these methods are
insuﬃcient for a complete understanding of the molecular
complexity in bio-oils.1−3 In the past decade, modern mass
spectrometry techniques have been successfully used for the
analysis of petroleum crude oils. High-resolution mass
spectrometry (HRMS) has proven to be a powerful tool for
the detailed molecular characterization of crude oils with direct
chemical composition analysis of thousands of molecular
components.4 We have recently adapted a petroleomics
approach for bio-oil analysis and have demonstrated the
complex nature of lignin pyrolysis products at a molecular
level by identifying over 100 chemical compositions.5 The
methodology that we used in the previous study (laser
desorption ionization and orbitrap mass spectrometer) has a
few inherent analytical limitations. The present work is a
subsequent study in an eﬀort to overcome some of the previous
limitations and to obtain a better understanding of bio-oils.
The ﬁrst aspect of the current study is comparing three
commonly employed high-resolution mass spectrometers for
the analysis of complex bio-oil samples. HRMS analysis of
crude oils has been almost exclusively performed with Fourier
transform ion cyclotron resonance (FT-ICR) mass spectrom-
eters because of its superior mass resolving power needed for
the enormous complexity of crude oils. However, the use of
only one type of mass spectrometer cannot avoid the
instrumental bias involved in mass spectrometric measure-
ments. Despite its great success as a qualitative analysis tool,
HRMS analysis has often remained semi-quantitative at best,
comparing two or more samples at the same experimental
conditions. As a result, it always has a risk to misrepresent the
actual sample composition. For example, a sample with high
oxygenation for low mass components may appear to be less
oxygenated if the instrument has a signiﬁcant mass discrim-
ination in the low mass ion range; this could easily happen in
the FT-ICR if one ignores the “time-of-ﬂight eﬀect”.6
Recently, Pomerantz and co-workers proposed the use of an
orbitrap mass analyzer for routine ﬁngerprinting analysis of
major crude oil components and successfully demonstrated the
similarity of heteroatom class distributions and double bond
equivalent (DBE) distributions between FT-ICR and orbitrap
data.7 While this study suggests that an orbitrap mass analyzer
may provide suﬃcient mass resolution for major crude oil
compounds, other diﬀerences between the two instrumenta-
tions (such as mass discriminations) were not investigated. In
the current study, we are trying to address this issue in an eﬀort
to minimize possible bias in HRMS analysis for bio-oils. The
three high-resolution mass spectrometers that we adapted in
this study are FT-ICR, orbitrap, and quadrupole-time-of-ﬂight
(Q-TOF). Their operation principles are quite diﬀerent from
each other, in not only mass analyzer but also ionization source
designs; therefore, the comparison is expected to reveal any
instrument-dependent bias.
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Laser desorption ionization (LDI) that we used in the
previous study has a few limitations in that (1) volatile
compounds are mostly vaporized inside the ion source vacuum
before the data acquisition, (2) only those compounds that
have absorption in the laser wavelength can be desorbed and
ionized, and (3) it has a technical diﬃculty because of the need
to minimize the laser power to prevent in situ aggregation from
occurring.5 These limitations reduced the number of
compounds that can be ionized, and the reduced complexity
allowed us to successfully analyze bio-oil samples even with the
low mass resolution version of orbitrap. Although LDI was
successful in characterizing lignin dimeric and trimeric
components in bio-oils, it failed to reveal other bio-oil
compounds, including volatile compounds and holocellulose
pyrolysis products. Electrospray ionization (ESI) has been used
to examine polar compounds in petroleum crude oils. For
example, negative ESI has been used to examine chemical
speciation of calcium and sodium naphthenate deposits.8
Positive and negative ESI have also been used to identify
nonvolatile polar acidic and basic emulsion stabilizers in
diﬀerent types of petroleum oils.9
Here, we adapt ESI with HRMS for a petroleomic analysis of
bio-oils to characterize various classes of compounds that were
not possible in the previous study. In particular, we are adapting
negative-ion mode because most of the bio-oil compounds are
protic and can be deprotonated and detected in negative ESI.
Three common high-resolution mass spectrometers were also
compared in this study to examine instrumental artifacts and
biases and to validate our methodology.
■ EXPERIMENTAL SECTION
Fast Pyrolysis. The bio-oil samples were provided by Robert
Brown at Iowa State University. In summary, the bio-oil used for this
study was produced by fast pyrolysis of red oak with a pilot-scale
ﬂuidized-bed reactor located at the Biocentury Research Farm of Iowa
State University. The sample was recovered from the third fraction of
the bio-oil recovery, and further details on this system can be found
elsewhere.10 This recovered fraction of bio-oil is dark in color, viscous,
and chemically unstable; therefore, to slow chemical transformation,
the samples were diluted in methanol at a concentration of 1 mg mL−1
and stored at 4 °C until analysis. Nalgene bottles were used to store
bio-oils because of their chemical resistivity.
Mass Spectrometric Data Acquisition. The bio-oil was analyzed
using ESI in negative-ion mode. The stock solution of bio-oils was
further diluted to a ﬁnal concentration of 0.1 mg mL−1 in methanol
and water (50:50, v/v). Three diﬀerent high-resolution mass
spectrometers were adapted for the analysis: FT-ICR (7T Solarix,
Bruker, Billerica, MA), orbitrap (LTQ-Orbitrap Discovery, Thermo
Scientiﬁc, San Jose, CA), and Q-TOF (6540 Q-TOF, Agilent, Santa
Clara, CA). Each instrument was carefully tuned to provide an
adequate signal in the mass range of interest and to minimize possible
aggregations and/or fragmentations. Various ion ﬂight times were
tested for FT-ICR, and 0.4 ms was used in the ﬁnal data acquisition.
The data acquisition size for FT-ICR was 2 M with a transient length
of approximately 0.9 s, and the transient length of the orbitrap was
approximately 0.5 s.
Data Analysis. The peak list was produced by DataAnalysis
(Bruker) and QualBrowser (Thermo Scientiﬁc) for FT-ICR and
orbitrap data, respectively, and imported to Composer (Sierra
Analytics, Modesto, CA) for the petroleomic analysis. The internal
mass calibration was performed by DataAnalysis for FT-ICR data and
by Composer for orbitrap data based on a list of known bio-oil
components that were previously identiﬁed using an internal three-
point calibration of added known compounds. The mass accuracy of
Figure 1. High-resolution mass spectra of red oak bio-oils obtained using orbitrap, Q-TOF, and FT-ICR. All of the peaks are deprotonated negative
ions produced by ESI. Chemical compositions are shown for the corresponding non-deprotonated forms.
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Composer was limited to 3 ppm in the chemical composition analysis,
and the relative ion abundance was limited to 0.1%.
■ RESULTS AND DISCUSSION
Comparison of High-Resolution Mass Spectrometers.
The most signiﬁcant diﬀerence that we expect among the three
mass spectrometers is mass discrimination; some instrumenta-
tions and/or experimental conditions have higher sensitivity for
low mass ions versus high mass ions or vice versa. Hence, the
experimental conditions should be carefully optimized to
minimize mass discrimination for the mass range of interest.
Additionally, ion source conditions and ion guide voltages
should be optimized to reduce aggregation and minimize
fragmentation. After careful optimization of experimental
conditions with model compounds and bio-oil, similar spectral
patterns were obtained for the bio-oil sample with all three
high-resolution mass spectrometers, as shown in Figure 1.
There are some minor diﬀerences among the three spectra that
should be noted. First, the relative ion abundance of high mass
ions, especially those of m/z 200 or greater, is higher for FT-
ICR compared to orbitrap or Q-TOF. In contrast, the FT-ICR
data show mass discrimination against very low mass ions,
especially those below m/z 131. The relative abundance of high
mass ions versus low mass ions is easily aﬀected by ion tuning
parameters, and we have not determined which spectrum
represents ion abundances closer to the real compositions of
the bio-oil.
In FT-ICR, the ion ﬂight time between the quadrupole and
the ICR aﬀects the transmission of high mass ions versus low
mass ions the most. The ion ﬂight time (also called “time-of-
ﬂight”) determines how long the ICR cell has the gate open for
the ion injection, during which the trapping of injected ions
occurs by the high magnetic ﬁeld inside the cell. If suﬃcient
time is not given, some high mass ions might not have arrived
at the cell. On the other hand, if the gate is open too long some
low mass ions will be lost. The eﬀect of the ion ﬂight time on
mass discrimination is notorious in FT-ICR, and typically, there
is no good way of eﬃciently trapping ions in a very wide mass
range.6 Therefore, it should be optimized depending upon the
mass range of interest. The eﬀect of the ion ﬂight time on ion
transmissions was examined with lithium acetate cluster ions
and bio-oil (see Supplementary Figures 1 and 2 of the
Supporting Information). At an ion ﬂight time of 0.4 ms, ion
transmission is signiﬁcantly reduced for high mass ions above
m/z 400. However, at an ion ﬂight time of 0.6 ms, ion
transmission is less than half for low mass ions below m/z 200
compared to that of 0.4 ms. For the data shown in Figure 1, we
used an ion ﬂight time of 0.4 ms because (1) it is most similar
to those of orbitrap and Q-TOF and (2) most of the bio-oil
ions are below m/z 400 in negative ESI mode.
Another very important characteristic of these instruments
that needs to be taken into consideration for the analysis of
complex mixtures, such as bio-oils, is the mass resolving power
(R = m/Δm, where Δm is typically deﬁned as full width at half
maximum). The ability to resolve complex mixtures eﬀectively
is what allows for an accurate mass measurement that gives a
conﬁdent assignment of the peaks. The Orbitrap Discovery
used in the current study has a lower mass resolving power than
FT-ICR. As shown in Supplementary Figure 3 of the
Supporting Information, orbitrap has 5−10 times lower
resolving power than that of a 7 T FT-ICR in the m/z range
of 100−400. The mass resolving power of Q-TOF is even lower
for the mass range of interest: 6−30 times lower compared to 7
T FT-ICR. A new ultrahigh-resolution orbitrap, Orbitrap Elite
(not used in the current study), is expected to have an
equivalent mass resolving power to typical 7 T FT-ICR.
However, a newly developed FT-ICR cell has the capability of
greatly improving the mass resolving power, and a mass
resolving power of 24 000 000 at m/z 609 is reported for 7 T
FT-ICR.11 There are also several other data processing
techniques that can be performed to improve the resolution
of these instruments.12,13
Careful inspection and comparison were made for each peak
between FT-ICR and orbitrap spectra in Figure 1 to determine
whether they have suﬃcient mass resolution to diﬀerentiate the
two closest peaks. All of the peaks in the orbitrap spectrum
have suﬃcient resolution for m/z 300 or below, as conﬁrmed
with FT-ICR data (see panels A and C of Supplementary
Figure 4 of the Supporting Information). As the m/z increases,
the resolution decreases and the bio-oil molecular complexity
increases; therefore, the Orbitrap Discovery does not have
enough resolution to distinguish some peaks above m/z 300.
For example, the peak at m/z 315.071 in the orbitrap data (see
Supplementary Figure 4B of the Supporting Information) is
split into two distinct peaks in the FT-ICR spectrum (Figure
2D; m/z 315.0715 and 315.0740). However, the ion
abundances for m/z > 300 are very low, with the relative
intensity less than ∼1%, and those peaks with nearby
interferences are even lower, <0.1%. Hence, the overall picture
of orbitrap data is not aﬀected by the interference peaks.
However, on the basis of the insuﬃcient mass resolution for the
higher m/z ions in orbitrap, the focus of the chemical
composition analysis was performed with the FT-ICR data.
Chemical Composition Analysis. Figure 2A shows the
heteroatom class distribution for the data obtained from FT-
ICR. The chemical composition analysis showed several
heteroatom classes consisting of 2−12 oxygens, and the most
abundant heteroatom class having 4 oxygens accounts for 25%
of the identiﬁed peaks. The next most abundant classes of
Figure 2. (A) Heteroatom class distribution and (B) DBE distribution
for the data obtained with FT-ICR.
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compounds are O5 and O6 heteroatom classes, with
approximately 15%. The DBE distribution (Figure 2B) shows
that the most abundant DBE for O4 compounds is DBE of 2,
followed by DBE of 5. In general, the lower oxygen heteroatom
classes (O1−O6) have lower DBE values of 1−6, whereas the
higher oxygen heteroatom classes (O7 or higher) have higher
DBE values of 6−12. Figure 3 shows the contour plots of the
carbon number versus DBE for O3−O10 compounds. An
increase in DBE and carbon number is accompanied by a
higher oxygen content. A further in-depth discussion is made in
the following two sections about the contour plots. Similar
chemical composition results were obtained from the data set
with orbitrap data (see Supplementary Figures 5 and 6 of the
Supporting Information), except for some minor diﬀerences
mostly coming from the diﬀerences in mass discrimination.
Most of the major compounds shown in Figure 1 are
expected to be volatile considering their low m/z values;
therefore, the analysis could be possible in GC−MS as long as
they can be separated in GC and identiﬁed by electron impact−
mass spectrometry (EI−MS) spectra. Some peaks are in fact
matching with previously known compounds in GC−MS of
bio-oils. Supplementary Table 1 of the Supporting Information
shows a summary of known GC−MS compounds in the
literature14−18 classiﬁed by their heteroatom, DBE, and carbon
number; thus, each compound in the table can be easily
matched to each dot in Figure 3. For instance, all of the O3
compounds in the table are showing up as major dots in Figure
3. It demonstrates that many volatile compounds currently
known in GC−MS can be characterized in negative ESI.
Negative-ion mode seems to be especially eﬀective considering
most of the bio-oil compounds contain hydroxyl (−OH) or
carboxylic (−COOH) groups that can be deprotonated. Low-
molecular-weight (MW < ∼100 Da) or nonpolar compounds
are missing in this analysis; however, we could detect
nonvolatile or partially volatile compounds instead. The
number of dots in Figure 3 is much more than the compounds
listed in Supplementary Table 1 of the Supporting Information.
It suggests that the molecular complexity of bio-oils is more
immense than has been analyzed by typical GC−MS analysis.
According to our Kendrick mass defect analysis, we have
identiﬁed over 800 chemical compositions and only about 40 of
them are known in GC−MS. This is not surprising considering
the molecular complexity of biomass materials, the various
pyrolysis reactions possible, and the secondary or aging
reactions that are continuously happening during the
condensation process or on the shelf.
When Supplementary Table 1 of the Supporting Information
is compared to Figure 3, one can notice that not only
nonvolatile compounds but also many volatile compounds are
missing in GC−MS analysis, e.g., most of the small dots with
low carbon numbers and DBE in Figure 3. The shortcoming of
GC−MS analysis is mostly attributed to (1) insuﬃcient
chromatographic separation in typical GC−MS analysis and
(2) unavailability of many compounds in the EI−MS database.
The former can be greatly improved by recent GC × GC
technology.19,20 Unfortunately, there is no good solution that
can improve chemical identiﬁcations with the current EI−MS
approach. This is because many of the pyrolysis reactions are
occurring through multi-step radical reactions, and it is
impossible to individually synthesize and purify each compound
to add it into the EI−MS database. Some major pyrolysis
products are stable and previously known, but many others still
remain unknown.
Holocellulose Pyrolysis Products or “Sugaric” Com-
pounds. One can note in Supplementary Table 1 of the
Supporting Information that most of the bio-oil compounds are
derivatives of phenol, guaiacol, and syringol; these are well-
known lignin pyrolysis products that originated from the
monomers of coumaryl, coniferyl, and sinapyl alcohol. We call
these compounds “phenolic compounds”. However, there are
only a handful of cellulose or hemicellulose pyrolysis products
analyzed by GC−MS, e.g., levoglucosan (1,6-anhydro-β-D-
glucopyranose, the most known cellulose pyrolysis product),
levoglucosenone, dianhydroglucopyranose, anhydropentose
Figure 3. Contour plots for O3−O10 heteroatom classes with regards to carbon number versus DBE. Red and green circles represent sugaric and
phenolic compounds.
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(such as anhydroxylpyranose or anhydroarabinofuranose), and
furfural and its derivatives (mostly m/z < 100, not included in
Supplementary Table 1 of the Supporting Information). The
lack of known holocellulose pyrolysis products might be mostly
attributed to (1) less complexity of cellulose and hemicellulose
compared to lignin and (2) diﬃculty of characterizing EI−MS
spectra of these polyhydroxyl cyclic compounds. The latter is
quite problematic in the analysis of holocellulose pyrolysis
products using GC−MS. For example, EI−MS spectra of
various hexoses (e.g., glucose, galactose, and mannose) look
almost identical to each other. In addition, because of the
extensive fragmentation in typical electron ionization con-
ditions, EI−MS spectra of the hexoses look very similar to that
of pentoses, such as ribose and arabinose. Derivatization or
chemical ionization (CI) could be used to minimize the
fragmentation, but EI−MS spectra of derivatized compounds or
CI−MS spectra are not available for most of the compounds.
We examined our data closely to determine whether our
technique could identify these holocellulose pyrolysis products.
Especially because there is virtually no fragmentation in ESI, it
is expected to be very useful in the analysis of holocellulose
pyrolysis products.21 As described below, we found many
holocellulose pyrolysis products corresponding to polyhydroxyl
cyclic hydrocarbons, such as levoglucosan and/or its derivatives.
We call these compounds “sugaric compounds”, which are
meant to describe “derivatives of sugars”, in opposition to
“phenolic compounds”. They cannot be called oligosaccharides
or carbohydrates because many of them do not have the
chemical formulas of Cn(H2O)m. Sugaric compounds are
distinguishable from phenolic compounds by low unsaturation
(or DBE) and high oxygenation. Namely, phenolic compounds
should have a DBE value of at least 4, while levoglucosan has a
DBE value of 2. A group of O4 and O5 class compounds with
low DBE values (DBE < 4; red circle) in Figure 3 are clearly
distinguished from phenolic compounds (DBE ≥ 4; green
circle) and are suspected to be sugaric compounds.
Figure 4 shows a graphical representation of some of those
sugaric compounds. The O5 DBE of 2 with 6 carbons (C6)
corresponds to the chemical composition of C6H10O5, which
matches that of levoglucosan. The O4 DBE of 2 C5
corresponds to the chemical composition of C5H8O4, which
matches that of anhydropentose; it could have resulted from
either anhydrolysis of pentose or CH2O loss from levoglucosan
during pyrolysis. There is no compound known in GC−MS of
bio-oils for C5H10O4 (O4 DBE of 1 C5) or C6H10O4 (O4 DBE
of 2 C6), but possible structures include deoxypentopyranose
and glucal, as suggested in Figure 5. One can also ﬁnd minor
spots around these major compounds in Figure 4, such as
C4H6O4 (O4 DBE of 2 C4), C7H12O4 (O4 DBE of 2 C7),
C4H8O4 (O4 DBE of 1 C4), and C6H12O4 (O4 DBE of 1 C6),
illustrating the molecular complexity of holocellulose pyrolysis
products.
The next question that we had was how sugaric versus
phenolic compounds are changing as the number of oxygen
compounds increase. As illustrated in Figure 4, we believe those
compounds with DBE less than 4 are mostly sugaric
compounds, while those compounds with DBE of 4 or higher
are phenolic. As circled in Figure 3, sugaric (red) and phenolic
(green) compounds are separated from each other, although
the distinction is not as clear at low (O3) or high (O6 or
higher) oxygen class as in O4 and O5 compounds. The highest
abundance ion in sugaric compounds is gradually moving from
a low carbon number to a high carbon number as the oxygen
number increases: C5 for O3 and O4 → C6 for O5 → C8 (or
C10) for O6 → C11 for O7 → C12 for O8 → C13 for O9 →
C14 for O10. The DBE value also changes from 2 (for O3−
O5) to 3 (for O6−O9) and then to 4 (for O10).
For O6 or higher oxygen classes, some sugaric compounds
might have DBE values of 4 and the overlap with phenolic
compounds is inevitable (see the overlap of two circles). Those
compounds on the borderline (O6 or higher with DBE values
Figure 4. Illustration of possible chemical structures for a few pyrolysis
products of holocellulose.
Figure 5. pH dependence of negative ESI mass spectra of bio-oils
obtained with FT-ICR. (∗) Contamination.
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of 4) might be diﬃcult to determine if they are sugaric,
phenolic, or a combination of both. The increase of
unsaturation at high oxygen class might be related to the
dimerization of sugaric compounds. For example, cellobiosan
(C12H20O10, a known sugar pyrolysis product) is a heterodimer
between glucose and levoglucosan and has a DBE of 3.22,23 A
spot on the contour map corresponding to cellobiosan (O10
DBE of 3 C12) can be found in the contour plot for O10 but in
much less intensity than its alkyl derivatives (C13 or higher).
This suggests the occurrence of various chemical reactions
during and/or after pyrolysis. An in-depth understanding
beyond this is diﬃcult because of the uncertainty of
transmission/ionization eﬃciency for each ion species and the
diﬃculty of quantifying the results. This will be further
discussed in the next section.
pH Dependence of Various Bio-oil Compounds. While
overall spectral patterns are similar between instruments in
Figure 1, relative intensities of some peaks are signiﬁcantly
diﬀerent, e.g., m/z 129 and 143. Even for the same instrument,
we found that relative intensities of some peaks are easily
aﬀected by various experimental conditions, including sample
aging. It is not surprising to see some changes of the bio-oil
components as they age, but often, the diﬀerence appears to be
more than just aging, especially in negative ESI mode. For
example, the mass spectra in Supplementary Figure 2 of the
Supporting Information were obtained at about 1 year after the
spectra in Figure 1 were obtained. The relative peak height for
m/z 161 (levoglucosan) is twice as high in Supplementary
Figure 2 of the Supporting Information as that of Figure 1.
Therefore, we performed a simple experiment to determine
how the relative abundances of bio-oil components are aﬀected
by other variables, especially pH, because it is known that pH
decreases as bio-oil ages. Figure 5 shows the FT-ICR spectra
obtained at four diﬀerent pH values: pH of 3.5, 5, 7, and 9.
Acetic acid and ammonium hydroxide were used to adjust pH.
One can notice a signiﬁcant diﬀerence between acidic and basic
pH. At low pH values, m/z 131, 145, 161, 169, and 241 are the
major components, but at high pH values, m/z 167, 181, and
219 are the major components. This diﬀerence partially
explains the variability in data acquisition and the minor
diﬀerence between instruments. Bio-oil is a very complex
mixture with various acidic molecules that are reactive, and the
relative ion abundances of some of its components can be easily
aﬀected in negative ESI mode by a simple pH change or other
modiﬁers, such as ammonium formate (data not shown).
Table 1 summarizes the pH dependence of a few major
compounds. There are a few important ﬁndings in this table.
First, ion signals for sugaric compounds (O4/O5 DBE of 2) are
greatly suppressed at high pH. This is contradictory to our
initial thoughts that basic conditions may improve ion signals
for high pKa compounds, such as levoglucosan, and that acidic
conditions may suppress deprotonation of these compounds.
However, our data suggest that moderate acidic conditions (pH
5) give the best ion signals for sugaric compounds in negative
ESI. A similar eﬀect has been reported by Wu and co-workers,
where an increase of ion signals for androgen receptor
modulators was seen in negative ESI by adding acetic acid.24
They attributed it to the eﬀect of counteranions (i.e., acetate) in
ESI droplets. This same explanation could be possible for
sugaric compounds. Namely, in weakly acidic solutions, these
molecules are not deprotonated because the pH is less than the
pKa. However, in negative ESI conditions, most protons are
electrochemically reduced to hydrogen at the spraying
electrode and acetate anions are accumulated in the ESI
droplets. Acetate anions have a high proton aﬃnity and can
easily abstract protons from sugaric compounds and generate
deprotonated ions.
A second ﬁnding in Table 1 is that some phenolic
compounds have better ion signals at low pH (e.g., m/z 169,
183, and 241), while other phenolic compounds have better ion
signals at high pH (e.g., m/z 167, 181, and 219). We currently
do not have a good understanding of this behavior, especially
because we do not know their exact chemical moieties;
however, we noticed that the overall ion signals are greatly
suppressed at high pH. It is presumably due to ion suppression
caused by ammonium hydroxide that was added to increase the
pH. If some compounds are subjected to less ion suppression
than others, then their relative ion signals would appear to be
better. A further study will lead to a better understanding of the
ionization behavior of these compounds and a better
characterization of some of the unknown compounds.
■ CONCLUSION
We successfully demonstrated ESI in negative-ion mode
combined with HRMS-based chemical composition analysis
as an eﬃcient way to characterize bio-oils. Speciﬁcally, most of
the bio-oil compounds have hydroxyl functional groups that
can be deprotonated and analyzed in negative ESI. Over 800
chemical compositions were assigned in our analysis,
demonstrating the complexity of bio-oils. In contrast, only
about 40 chemical compositions were previously known in
GC−MS. There are a few classes of compounds missing in the
current study; aprotic and/or nonpolar compounds will not be
ionized in negative ESI, and nonvolatile less-polar compounds
may not be as eﬃciently ionized as others. Considering the
missing compounds in negative ESI and structural isomers
possible for each chemical composition, we suspect that the
actual complexity of bio-oils may be well over 1000
compounds.
In the development of a reliable HRMS-based petroleomic
analysis using negative ESI, we have performed a comparative
study between three common high-resolution mass spectrom-
eters. Although each instrument has its own limitations in mass
spectrometric measurement, we could obtain very similar
spectra assuring our analysis. We found that FT-ICR analysis
should be performed carefully because it has signiﬁcant low
mass discriminations, especially arising from the ion ﬂight time.
The other two high-resolution mass spectrometers adapted in
the current study (Orbitrap Discovery and Q-TOF) have much
lower mass resolution but were still useful for conﬁrmation of
Table 1. pH Dependence of a Few Major Peaks in Bio-oilsa
m/z
compound
classiﬁcations
pH 3.5
(%)
pH 5
(%)
pH 7
(%)
pH 9
(%)
131.0350 O4 DBE of 2 90 90 30 25
145.0506 O4 DBE of 2 55 70 25 20
161.0455 O5 DBE of 2 80 100 30 30
167.0350 O4 DBE of 5 35 40 100 100
169.0506 O4 DBE of 4 100 80 25 25
181.0506 O4 DBE of 5 35 40 80 80
183.0663 O4 DBE of 4 55 50 35 35
219.0663 O4 DBE of 7 5 5 40 50
241.0717 O6 DBE of 5 70 70 15 15
aThe relative ion abundance in each spectrum is shown in Figure 5.
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the FT-ICR data. Most of the known bio-oil compounds in
GC−MS with a mass of over 100 Da are detected in our
analysis with their corresponding chemical compositions (both
lignin and holocellulose pyrolysis products). Phenolic and
sugaric compounds could be distinguished in the contour plot
of DBE versus the number of carbons based on their diﬀerence
in DBE values.
The current approach has a few shortcomings compared to
GC−MS analysis. Most of all, quantitative analysis is expected
to be a daunting task, especially because negative ESI is easily
aﬀected by several experimental parameters, as conﬁrmed by
the pH dependence experiment. Second, many of the chemical
compositions have structural isomers and cannot be distin-
guished with accurate mass only. Tandem mass spectrometry
(MS/MS) might distinguish some structural isomers; however,
most of them have several nearby peaks, and the eﬀective
isolation of precursor ions may be diﬃcult. Finally, negative ESI
cannot ionize nonpolar and/or aprotic compounds. In addition,
as an atmospheric pressure ionization method, ESI has
limitations for very low mass ions, i.e., m/z < 100. The future
work will be focused on a better understanding of the pH and/
or organic modiﬁer eﬀect in ESI and establishing quantitative
methodology. We are currently working on HRMS analysis of
bio-oils using other ionization techniques [such as atmospheric
pressure photoionization (APPI) and atmospheric pressure
chemical ionization (APCI)] to have a comprehensive
understanding of bio-oils, especially for nonvolatile compounds
that are not amenable to GC−MS analysis and nonpolar
compounds that are not amenable to ESI.
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